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Abstract: We report the first organically synthesized sp-sp3 
hybridized porous carbon. OSPC-1, this new carbon, shows electron 
conductivity, high porosity, the highest uptake of lithium ions of any 
carbon material to-date and the ability to inhibit dangerous lithium 
dendrite formation. The new carbon exhibits exceptional potential as 
anode material for lithium-ion batteries (LIBs) with high capacity, 
excellent rate capability, long cycle life and potential for improved 
safety performance.  
In recent years porous carbon has reaped pronounced 
importance to the scientists because of special advantages like 
amazing surface areas, very high pore volumes etc.[1] as these 
materials can find many applications that cover electron 
conduction and storage,[2] catalysis,[3] separation etc.[1] Porous 
carbon has also been used largely as electrode in lithium-ion 
batteries (LIBs).[4-8] Physical and chemical activation techniques 
are ordinarily used to form activated carbons.[4,9] Synthesis of 
porous carbons to use templates like zeolites, inorganic material 
etc. is alternate method. Ordered microporous carbon with high 
specific surface areas taking zeolites as templates have been 
synthesized by Kyotani et al.[10] There are two prevailing 
methods i.e. hard template and soft template methods to form 
ordered mesoporous carbons.[2] Ryoo et al. developed ordered 
mesoporous carbon using mesoporous silica molecular sieves 
as template.[11] Carbide-derived carbon is developed after 
removal of metal or metalloid from carbide.[12] Notwithstanding 
all these prevailing methods use carbonization, template method, 
arc-dischrge or laser ablation[2b] to form porous carbon and there 
is no organic synthesis method so far to form porous carbon. As 
yet porous carbon cannot be designed on a molecular level. 
On the other hand, covalent organic frameworks (COFs)[13a] and 
metal organic frameworks (MOFs)[13b] are developed by 
designing of structral building uints first and then developed into 
a network. But porous carbon has not been synthesized yet 
following this technique. This prompted us to perform the design 
of structural building units and form a carbon network. Herein we 
specially design the structural building units, ethynyl methane[14] 
to form three dimensional connected carbon network, 
polytetraethynylmethane (OSPC-1). In this paper we describe 
for the first time the organic synthesis of a new 3-D porous 
carbon by Eglinton homocoupling.[15] This porous carbon 
prepared is also the first sp-sp3 hybridized carbon combined with 
electron conductivity, high porosity and high lithium ions uptake. 
 
Figure 1. Reaction scheme to form OSPC-1 and 3D structure of OSPC-1. 
Violet: sp3 carbon, green: sp carbon, yellow: silicon, grey spheres represent 
carbon atoms in the TES protecting groups of the starting material, H atoms 
are omitted for clarify. 
OSPC-1 was synthesized via a catalytic Eglinton homocoupling 
of ethynyl methane, shown in Figure 1. The full synthetic 
procedure with the corresponding schemes are outlined in 
Supplementary Materials. The XRD analysis of OSPC-1 shows 
that the resulting material is amorphous in nature (Figure S1). 
From XPS analysis of OSPC-1 (Figure 2a), we can see a C 1s 
peak at 285 eV with a shoulder towards higher energies. The 
peak is deconvoluted into three peaks at 284.5 eV, 285.8 eV 
and 288.4 eV, peak at 284.5 eV is assigned to carbon with sp3 
hybridization and peak at 285.8 eV is assigned to carbon with sp 
hybridization.[16] Carbon with sp2 hybridization appear at 285.05 
eV is absent in the spectra.[16,17] The ratio of C(sp) to C(sp3) is 
5:2 differs from the expected value of 8:1, can be attributed to 
the higher stability of C(sp3) at the surface as XPS is a surface 
specific technique. Besides, XPS spectra of OSPC-1 
synthesized in a glove box shows peak at 288.4 eV assigned to 
carbon bonded to oxygen is reduced from 20% to 14.5%, 
confirms that the surface carbon is terminated with oxygen 
atoms.[18-20] Notably, in OSPC-1 the conjugation is broken by sp3 
carbon, so only the terminal alkynyl is highly reactive to oxygen. 
After analysis of the solid state NMR of OSPC-1 (Figure S3) two 
peaks can be observed at 133 and 53 ppm that can be assigned 
to C(sp) and C(sp3), respectively. Broad nature of peaks 
suggests low symmetry of the amorphous framework. From EDS 
analysis, impurities in OSPC-1 is below 1% (Figure S4), similarly 
to high purity diamond, graphite or graphene. Presence of 
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carbon-carbon triple bonds with a peak at 2150 cm-1 (Figure S5) 
is proved from the FT-IR analysis.[21] OSPC-1 show good 
stability up to 420 oC in N2 atmosphere (Figure S 6). After 
analysis of Raman spectrum of OSPC-1, we find broad peak at 
1363 cm-1 assigned to the carbon-carbon single bond, weak 
peak at 2094 cm-1 assigned to the carbon-carbon triple bond, 
peak at 1588 cm-1 assigned to the bends and stretches within 
the C(sp3)-C(sp)-C(sp)-C(sp)-C(sp)-C(sp3), detailed explanation 
can be found in Supporting Information section 7. EELS of 
OSPC-1 (Figure 2b) exhibits peaks at 285.8 eV and 292.8 eV 
attributed to sp and sp3 carbon respectively, however it shows 
no sp2 peak which proves that OSPC-1 is composed of sp and 
sp3 carbon only.[22-26].  
In the next step pair distributions were carried out to compare 
models to experiment for amorphous carbons.[27,28] Pair 
distribution function, G(r), of the OSPC-1 is obtained from total 
structure factor, S(Q), C-C correlations are similar to those 
observed for graphite, fullerene, and carbon nanotubes (Figure 
S15). However, OSPC-1 shows an additional G(r) peak at ~3.1 
Å, which is exclusive in case of OSPC-1 and not found in other 
carbon materials. From the pair distribution function clear proof 
of the unique nature of the new carbon that is built up from 
linked C(sp) and C(sp3) is provided. 
Next we generated structural models of OSPC-1 using our in-
house developed Ambuild code[29] for the purpose of 
rationalizing the amorphous 3D nature of OSPC-1. The details 
on computation and images of models are shown in Supporting 
Information. Crystalline forms of OSPC-1 are possible e.g. with 
dia or qtz topology (Figure S17-S18), these require reversible 
chemistry to form but not possible within present synthetic 
strategy. Amorphous non-interpenetrated structure of OSPC-1 is 
confirmed from the models. Flexibility of the ethynyl strut 
between sp3 carbon nodes contributes to the amorphous nature. 
Fragments of the resulting models (Figure S24) illustrate the 
flexibility within structure arises from small deviations of the 
C(sp3)–C(sp)–C(sp) angle. Radial distributions calculated for all 
carbon atoms for Models-1-5 are shown in Figure S26-S30, and 
a number of peaks that correlate well with experimental radial 
distribution, including the peak at ~3.1 Å, which is attributed to 
the C(sp) to C(sp) on adjacent ethynyl struts (Figure 2c). 
Following the assessment of the nitrogen uptake isotherm at 77 
K, OSPC-1 is found to be microporous in nature with a SABET = 
766 m2 g-1. As seen the isotherm is close to type II with 
substantial uptake at low relative pressure showing substantial 
presence of micropores. From TEM inspection (Figure 2d) of 
OSPC-1 we find that worm-like pores exist and no graphite 
ribbons are seen. Using QSDFT analysis, pore size distribution 
derived from the nitrogen uptake isotherm[30] gives peaks 
centered at 1.0 and 2.3 nm (Figure S33-S34). After this, the 
solvent accessible surface areas for the models were calculated 
using a probe radius of 1.82 Å (the kinetic radius of nitrogen) 
giving a range between 731 and 784 m2 g-1 (Table S2) which 
show good agreement with experimental result. The calculated 
pore size distributions also match well with the experimental 
data (Figure S35).  
 
Figure 2. (a) Fitted C1s XPS spectra of OSPC-1. (b) Electron energy loss 
spectra of OSPC-1. (c) The reduced pair distribution function, G(r), of OSPC-1 
(red: observed, blue: simulated). (d) High resolution TEM of OSPC-1. 
With reference to electron conduction, graphene and graphite 
reveal exceptional electron conduction with conductivity of 1.00 
× 1010 S cm-1 and 2.00 × 107 S cm-1, respectively. Direct electron 
conduction pathway is provided by the highly delocalised orbitals 
of sp2 hybridized carbon-carbon bonding. Again, diamond with 
highly localised sp3 hybridization is an insulator (conductance is 
1.00 × 10-11 S cm-1). OSPC-1 in this work combines conjugated 
sp and non-conjugated sp3 hybridized carbon atoms is not 
expected to be conductive as the electron conduction pathways 
will be blocked by the non-conjugated sp3 hybridized carbon 
atoms.  However we found the conductivity of OSPC-1 to be 
high (σ = 1.2 × 10-4 S cm-1) as determined from the Nyquist plot 
(Figure S36). 
 





Figure 3. The log of the ensemble averaged conductivityσ(L) obtained from 
the average conductance of cubes of OSPC-1 of size L (black). Dashed line 
denotes the experimentally measured value as σ= 1.2 × 10-4 S cm-1. Inset 
shows a cube of 1.7 nm with a representative OSPC-1 fragment. 
OSPC-1 is an amorphous 3D structure and it therefore needs a 
novel approach to assess the conduction pathways and 
transport properties by using tight binding (TB) transport 
calculations or density functional theory (DFT) calculations and 
the details of these methods are presented in the Supporting 
Information section 13. OSPC-1 is a disordered wide band gap 
semiconductor at length scales less than the inelastic mean free 
path λ, suggests that electron transport takes place by phase-
coherent tunneling and therefore the conductivity, σ should be 
obtained by computing the ensemble averaged conductance G 
of random cubes of OSPC-1 using the relation σ= G/λ to analyze 
the results. λ is an unknown quantity, the ensemble-averaged 
conductance G(L) for cubes of various size L is computed and 
the quantity σ(L)= G(L)/L is plotted versus L (Figure 3). The 
experimental conductivity (dashed line) coincides with σ(L) at a 
length scale λ= 1.7 nm. Free path is on the scale of the size of 
the OSPC-1 fragment (Figure 3). The DFT calculations 
qualitatively reinforce the TB calculations with agreement of the 
equivalent peak positions for the highest occupied molecular 
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) 
levels in respective density of states (DOS) plots (Figure S43-
S44). Wavefunction analysis shows conduction pathways along 
the chain lengths which is particularly apparent at the energies 
associated with the HOMO (H1) and LUMO (L0 and L1) levels 
(Figure S45). 
Graphite is common anode material for lithium ion batteries but 
swelling upon lithium ions causes fractures and ultimately 
destroy the crystal structure, which is the main reason for the 
short lifetime of the battery. Besides this, lithium dendrites can 
develop at the graphite-electrolyte interface extend towards the 
cathode which results in a short circuit even explosion. Thus we 
can see that new carbon materials with stable lithium ion uptake 
are an attractive option.  
A reversible lithium ion capacity of OSPC-1 of 748 mAh g-1 is 
obtained at a current density of 200 mA g-1 after 100 cycles, 
therefore suggest that the reversible capacity of OSPC-1 
surpasses C60 (2.5 mAh g-1), CNTs (224 mAh g-1) and graphite 
(324 mAh g-1) under the same condition (Figure 4a, Figure S47-
S49). The voltage profiles (Figure S50) of OSPC-1 show a 
different lithium insertion/extraction mechanism to graphite.[31] 
No distinguishable plateaus are observed in the slope, 
suggesting that electrochemical and geometrically nonequivalent 
Li ion sites exist, consistent with the CV curves (Figure S51). 
An average simulated capacity of lithium ion uptake (Figure 4b) 
within the microporous region of OSPC-1 of 491 mAh g-1 is 
calculated for the OSPC-1 models using simulated annealing, 
shown in Supplementary Materials Table S4. The total capacity 
of 786 mAh g-1, based upon the ratio of volume within the 
microporous and mesoporous regions obtained from analysis of 
the nitrogen uptake isotherm is in excellent agreement with 
experimental value. Molecular dynamic (MD) simulations is used 
to assess the ability of lithium ions to diffuse through the OSPC-
1 structure. Lithium ions diffuse freely through the microporous 
regions of the Model-1a OSPC-1 structure with a diffusion 
coefficients of ~4 × 10-4 cm2 s-1, which is similar to values 
determined for lithium ion diffusion in polyelectrolyte solutions [32]. 
Full computational details are shown in Supporting Information 
section 15.2. 
Then overcharge experiments are carried out to determine the 
high cycling stability of OSPC-1 anode compared to graphite 
anode. SEM results show that no dendrites are developed on 
the surface of OSPC-1 (Figure 4c), while dendrites are largely 
present on the graphite surface under similar conditions (Figure 
4d). The XRD patterns of the cells after 100 cycles at a current 
density of 200 mA g-1 do not show formation of a lithium 
crystalline phase (Figure S65). This result reveals the high 
resistance of OSPC-1 to the formation of hazardous dendrites, 
which is assigned to the three-dimensional porous network of 
this exceptional material. The rate capability of OSPC-1 with 
various current densities from 100 to 3000 mA g-1 shows that 
even at high current density of 1000, 2000 and 3000 mA g-1, 
there are still reversible capacities of 530, 416 and 356 mAh g-1 
after 10 cycles, respectively. When the current density is reset to 
100 mA g-1, capacity increases back to 944 mAh g-1 (Figure 4e). 
Capacity against current density for OSPC-1 compared to 
carbon materials (Figure 4f) proves the uniqueness of OSPC-1. 
 
Figure 4. (a) Cycling performance of OSPC-1 showing the discharge capacity 
(red symbols) and charge capacity (black symbols) at a current density of 200 
mA g-1 for 100 cycles; Blue symbols: coulombic efficiency. (b) The simulated 
capacity of lithium ions within Model-1a. (c) SEM image of OSPC-1 after 
overcharge at a current density of 5000 mA g-1 for 6 min. (d) SEM image of 
graphite after overcharge under similar condition. (e) Rate capability with 





various current densities from 100 to 3000 mA g-1 of OSPC-1. (f) Capacity 
against current density for carbon materials (grey) compared to OSPC-1 (red). 
In summary, we reportedly demonstrate an organic synthetic 
strategy to attain porous carbon (OSPC-1) which is entirely 
different from the prevailing methods to prepare porous carbon 
thereby favoring the design of porous carbon on molecular level. 
This material is the only porous carbon that is constructed from 
sp and sp3-hybridized carbon. Furthermore, we have 
demonstrated that OSPC-1 is a highly promising anode material 
for LIBs with high capacity, impressive rate capability, long cycle 
life and the potential for improved safety performance. The 
synthetic method, which is based upon versatile organic 
polymerization, has potential to be extended to other 3D carbon 
materials and thus spreads out the research frontiers to a new 
family of porous carbon materials. 
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